ABSTRACT Digital phantoms are vital for various biomedical researches. Traditional phantoms include theoretical models and voxel models reconstructed from medical images. It has been demonstrated that the homogeneous phantom filled with uniform tissue is accurate enough for wearable antenna design, body-centric channel modeling, etc. Therefore, it is interesting and necessary to investigate the novel approach of generating digital phantoms using an optical noncontact measurement system. In this letter, the point cloud data are first obtained; then, they are simplified via principal component analysis; finally, by applying surface reconstruction and mesh simplification techniques, a digital Chinese phantom is established. To verify the usability of the phantom, numerical calculation is performed to check E-fields at different positions on the body. Results sufficiently prove the feasibility of the train of thought presented in this letter.
I. INTRODUCTION

P
RECISE phantom is vital to wireless body area networks (WBANs), wearable antenna design, etc. Currently, the digital phantoms mainly refer to theoretical models and medical imaging reconstruction models, and these models have been applied in various researches. Kim and Lee [1] investigated SAR distribution using voxel model and demonstrated the usability of the wearable antenna. In [2] , ''human arm cylinder'' and human tissue layers were used to evaluate the performance of the bent antenna. These two models can be seen as specific examples of theoretical models. In [3] , a rectangular lossy dielectric box was used, which corresponds to the body trunk. Islam and Ali [4] used a cylindrical block to approximate phantom. The performance of the antenna array was compared with that in free space. In [5] and [6] , the voxel model was imported into the simulation domains to obtain SAR values for different antennas. The model was obtained from MRI scanning. In [7] , a simple tissue layer was applied to the facility wearable antenna design. In [8] , the phantom was replaced by skin tissue, and the resonant frequency shifted downward by 1.9%. In [9] , a three-layer phantom (skin, fat, and muscle) was applied to the wearable antenna design. The SAR distribution is also given to verify the performance of the antenna. In [10] , a four-layer phantom (bone, muscle, fat, and skin) was established. A tapered-slot wideband antenna was designed, and radiation patterns for different planes were also given to verify its superior performance. A voxel human body model in [11] was applied to find the antenna's performance on the human body. It was observed that the antenna reflection coefficient characteristic is degraded to almost −10 dB when applied on the model around the upper arm area. It is notable that in [12] , a simple theoretical model and different voxel models were used together to test the performance of the antenna. It has been demonstrated that the wearable antenna is suitable for the DTV band. In [13] , a typical rectangular phantom was considered. Such a phantom is very common in the wearable antenna performance evaluation. It is worth mentioning that for the up-to-date body-centric radio propagation studies, reconstruction phantom still plays a very important role [14] , [15] .
It is interesting to note in [14] that homogeneous phantom was applied rather than the human body model containing specific organs, and it has been demonstrated that when the geometric model is filled with uniform tissue (e.g., muscle), the phantom will be accurate enough for body-centric channel modeling. This important conclusion encourages us to explore novel generating method of digital phantoms. The optical noncontact measurement system is an important option to capture geometrical configurations and can be seen as a vital complement to the available phantoms due to its flexibility and cost advantage. In this letter, the procedure of getting a digital phantom from the optical noncontact measurement is investigated. Then, the digital phantom is verified via numerical calculations.
This letter is organized as follows. Section II introduces the noncontact measurement system briefly. Section III presents the detailed procedure of building the digital phantom. Section IV performs numerical calculations to verify the obtained phantom. Section V draws the conclusion.
II. NONCONTACT HUMAN BODY MEASUREMENT SYSTEM
Technical principle for the scanning equipment: First, the grating stripes were projected onto the surface of the human body. At the same time, the stripes and color image were recorded by cameras. Then, the corresponding spatial coordinates (X , Y , Z ) and color data (R, G, B) were obtained. The 3-D scanning system is composed of many scanning mainframes. All the mainframes use the same coordinate system. The overall data are stitched together using the data from each scan.
III. BUILDING THE CHINESE MALE HUMAN BODY MODEL A. POINT CLOUD DATA
The 3-D feature information can be characterized by the positions of the feature points on the body surface, the distances between the feature points, and connected relations between them. Therefore, in order to get the 3-D human body model that contains 3-D feature information in it, the feature points of the body surface should be obtained first. Usually, the 3-D data for the human body are a data file with n rows and 3 columns. It is composed of 3-D spatial coordinates (x, y, z) for the n sampling points on the human body. Since the data size for the feature point coordinate of the human body is very large, therefore, these point coordinates are described as point cloud data. In most cases, the initial point cloud data are irregular. For example, redundant data and noisy data included in the point cloud data might be caused by the measurement error of the equipment and the interference of external environment. In order to improve the quality and efficiency of subsequent modeling, the initial point cloud data need to be preprocessed. The typical preprocessing technologies include deletion and smoothing technique.
B. SIMPLIFICATION OF THE POINT CLOUD DATA
It is known that the sampling of the feature points is very concentrated during the 3-D scanning of the human body. It would be very difficult to build the human body model if the point cloud data are used directly. Therefore, before building the 3-D human body model, it is essential and necessary to simplify the initial point cloud data. Besides the denoising technique mentioned in the previous sections, point cloud data processing also includes the simplification of coordinate data. It is worth mentioning that some repeated human body feature information are included in the point cloud data. This fact causes the relativity of the data. It is known that principal component analysis (PCA) is a technique, which is aimed at solving such a problem and can remove duplication of information. In addition, it also finds out primary changing directions from the changes of numerous characteristic index variables, as well as replaces the characteristic index variables of original samples with fewer general characteristic index variables. Hence, the problem becomes simpler. Therefore, in this letter, PCA is used to simplify the coordinate data of the 3-D human body model.
PCA is an approach to extract general characteristic index that mainly affects the results. It can resolve main characteristic index from multiple index and then finds out the principal factor directions, which affect the change of characteristic index. Since the number of newly built general characteristic index variables is less than that of the original variables, it is therefore possible to map the characteristic index variables from high-dimensional space to low-dimensional ones, hence, simplifying the problem. The new general characteristic index variables, which are constructed by the linear change of the original variables, are known as principal components.
In order to reduce the number of newly built general characteristic index variables, they should not contain duplicating information, i.e., the new variables should be unrelated. On the other hand, since the understanding of original variables is achieved via analyzing newly built ones, in order to guarantee accuracy, the new variables should, farthest, include useful information of the original variables. It is mainly achieved by constructing and decomposing a covariance matrix or correlation matrix of the original characteristic index variables. Using singular value decomposition, the characteristic values and feature vectors of the covariance matrix or correlation matrix can be obtained, thus, confirming the principal component model. Finally, the characteristic index variables in the original high-dimensional space are mapped to a principal component model variablebased low-dimensional space to facilitate the analysis. The theoretical principal and mathematical model of PCA can be found in [16] . Since the principal component is obtained by the linear combination of the original characteristic index variables, the PCA is an approach with the aim of reducing dimensions. In general cases, if there are n characteristic index variables in the original variables and the information contained in these variables can be characterized by p uncorrelated principal components (p<n), then the original n variables can be replaced by these p components. Thus, the original high-dimensional space can be divided into low-dimensional principal component feather subspace (p principal components) and residual subspace (the remaining variables); the two subspaces are orthogonal to each other. The mapping data of the two subspaces are uncorrelated. The data on the principal feather subspace are used to characterize the information of useful characteristic of the system, while the data on the residual subspace describe the information for the random noise in the system. In this letter, the basic framework of PCA is adopted to simplify point cloud data of the human body.
C. SURFACE RECONSTRUCTION
The next step, which is known as point cloud data reconstruction, is the core technology for point cloud data processing. The mostly used surface reconstruction method is based on the triangular mesh model. Such a kind of model can connect irregular points in 3-D space, and then, gapless and no over-lapping triangular meshes are formed (Fig. 2) . In this letter, Delaunay triangulation approach is applied to achieve surface reconstruction. Finally, the topology structure between points is determined, and hence, the human body surface, which is composed of triangular meshes, is formed (Fig. 3) . The male model is given at different angles in Fig. 4 , and the size details can be found in Table I . 
IV. VERIFICATION OF THE HUMAN BODY MODEL USING NUMERICAL CALCULATIONS A. CALCULATION MODEL
To facilitate numerical calculation, the human body model with fine mesh was converted to a coarse mesh one with triangular surface elements that decreases to 10 000 (Fig. 5) . The model was then filled with uniform tissue with a relative permittivity of 57.96 and a conductivity of 0.82 S/m (the working frequency is 402 MHz). 
B. RADIATION SOURCE
In order to study the characterization model of body-centric radio propagation, the electromagnetic (EM) wave radiation source should be very simple. The reason is that the characterization model should be, to some extent, independent of the antenna type. Therefore, a small dipole was used as the EM wave radiation source. In this study, a sinusoidal current source was used (Figs. 6 and 7) . The form of the source is as follows:
where A is the peak amplitude of the sine wave, ω is the wave frequency in radians/second, and t is the current simulation time. For this study, a wave frequency of 402 MHz was selected. 
C. FINITE-DIFFERENCE TIME-DOMAIN CALCULATION AND SETTINGS
The finite-difference time-domain (FDTD) technique was used as the calculation tool in this study. To satisfy the stability condition for FDTD calculations, the discrete time step is chosen as 3.85 × 10 −11 s. Mur finite-different scheme and super absorption conditions [17] were applied to realize an absorbing boundary condition (NEVA R ). During the numerical calculation, the VOLUME 2, NO. 1, MARCH 2016 cell size is selected as 20 mm. The size for the computational domain is 0.8 m × 0.4 m × 2 m, which is slightly larger than that of the physical phantom.
D. RECEIVED COPOLAR ELECTRIC FIELD FOR REPRESENTATIVE WEARABLE POSITIONS
In order to verify the usefulness of the male phantom, representative wearable positions are selected to calculate the electric fields (Fig. 8) . The transmitting antenna is placed at the navel of the body. Due to the symmetry of the human body, only the left side of the body is considered. It is interesting to note that when the same receiving positions are considered, the E-fields for the line-of-sight cases are all much larger than that for the nonline-of-sight cases. In addition, the strongest E-field can be observed at the left waist, while the weakest E-field appears at the left foot. This phenomenon can be explained by the attenuation of wave over distances. Since some of the EM energy will also be absorbed by the human body, such attenuation is even more obvious compared with that in free space.
V. CONCLUSION
Precise modeling of the human body is essential to the wearable antenna design, body-centric wireless channel modeling, and other biomedical applications. Some research works have revealed that MRI scanning can be introduced to generate phantoms for specific applications. The following must be pointed out for such medical imaging means; on the one hand, the related medical facility is very expensive; on the other hand, it is difficult to produce random phantoms to some extent. In this letter, a Chinese male phantom is obtained using a noncontact measurement system. The point cloud data are simplified using PCA. Then, the phantom is verified via numerical calculations. The results demonstrate the usefulness of PCA-based simplified model and, thus, reveal the novel procedure of constructing phantoms for various research works.
